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( 2012 c 5 � 18 FÂ�; 2012 c 6 � 25 FÂ�?Uv )

|^Å�� 800 nm ��¦óÀ-1, éL¡bkàé��`�¯�U|ß²��ü¬7¡?1×£, ïÄ

ØÓ-1��ëêé�(�/¤�K�. (JL², IG�(�´Ä/¤�ûu-1Uþ�Ý, Uþ�Ý���Ø
U/¤IG(�, Uþ�Ý���´»�IGâå; -1×£�Ý���K�IG�(���þ, ×£�Ý��
��´»�IG(�âå, ×£�Ý���, du�^�Ý�f¦�IG(�Ó+Ø©². 3dÄ:þé¢�ëê
?1`z, ��
�n��IG�(�. ��ÏL©Û�Ñ, b�^�eIG�(��/¤´d-1�¡�^Ú�
z�^�ÓÚå�, �-1�¡�^ÓÌ�.

'�c: �¦-1, 7, IG�(�, àé��`�¯�U|ß²�

PACS: 79.20.Eb, 61.72.uf, 68.37.–d

1 Ú ó

C
c5, du�(�7äk4p�1Ð¼U
å!°áÂ1ÌÚp1>�OÃ�`É�1>A
5, Ù3��U>³á��¡d3�A^d�®Å
ìÚå<��'5 [1]. Äud, <�é�(�7�
�Eâ�ïÄ�3Øä/�\, cÙ´3æ^�á
óÀ-1Ëì��äkIG (½k¸G) �(��
7á��¡, IS	NõïÄ�|®mÐ
�X�
�ïÄ [2−16]. o(å5, �c|^�¦-1p�
Ñ7ÄL¡IG�(���{Ì�kü«: �«
´ 1998 c�@���d{IMÃ�Æ Mazur ïÄ
|JÑ¿uÐ� “ç7” ���{, =|^�¦ó
À-13 SF6 Ú Cl2 íN�¸e�¡7, ��´�
Úk1L�7L¡3�¡L�/�Súw���
C¤
çÚ, |^×£>fw�º*ÿuy, ÙL
¡¥O5Kü����þ?�kIG(� [2], Ù�
¦�9Ù¦ïÄöòü¬7¡�u SF6, Cl2, H2S,

SiH4, H2, N2, �í��µíN�¸9ý��¸¥^
�¦-1Ëì, �37¡L¡/¤
�~°[�k

IGB�(� [3−12]; ,�«´ÏL�¦-1Ëì
�u�N (X�2Y [13]!1�M� [14] �) ¥�7
¡��7ÄL¡�B(���{, X�°w� [14]

æ^Cù	�¦-1ËìE�31�M�¥� N

.ü¬7¡, Ëì�7L¡Ñy�»� 5—8 µm, p
Ý� 15 µm �ðIG(�. �´��5¿�´, Ø

3�í¥��	, ù
�(�7����{du
I�AÏ�íN�¸½�N�¸, ��^���,

I�;��ý�q¿, �ó²�éE,, AO´k
��{¥Ú\
kÓk³�íN (X SF6, Cl2, H2S)

½�N (X1�M�), ´À/�¸ÚE¤�x. �
©3�í�¸e, æ^Å�� 800 nm ��¦óÀ
-1éL¡bkàé��`�¯�U| (PET) ß
²��ü¬7¡?1×£, 3ÙL¡þp�Ñ
I
G�(�, ïÄ
ØÓ-1��ëêé�(�/¤
�K�, ©Û
�(��/¤Ån.

2 ¢��{

¢�æ^ü¡�1 (100) ���ü¬7¡. Ä
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kò7¡�¤ 1 cm×1 cm ��¡, 2òÙ�\�
þ©ê� 5%��Í�¥E� 15 min, �Ñ�©O
^�lfY!ÃY¯UÚZÑ�(�W 10 min, �
�^�íò7¡L¡NZ, ¿òÙ�½3n�£Ä
�¬�þ, �¬��£Ä�dO�Å§S��. À
^� PET ß²�þÝ� 0.2 mm, ��1ß�Ç�
� 97%±þ, äk�½�F95 (�F§ 120 ◦C),

¿§e9�Ç�� 0.24 W/m·K−1. ò PET ß²�
U7¡��}¤�¡, ²b37¡L¡.

¢�æ^�-11��¦2)/õ?v�
���ì, u�-1�¥%Å�� 800 nm, óÀ
°Ý� 130 fs, EªÇ� 1 kHz, ��üóÀU
þ� 1 mJ. \�-1²V�º���, ÏL�å
� 20 cm �à�ßº�R�\��7�¬L¡. �
¦-1óÀ��mrÝ©Ù�Cpd., Ëì��
¬þ�1��»�� 160 µm. ¢�¥�g��

n|7�¬: 1�|À^ 200 µm/s �×£�Ý v,

ØÓ�Uþ�Ý F (0.5 J/cm2, 1.5 J/cm2, 2.5 J/cm2);

1�|æ^ 1.5 J/cm2 �Uþ�Ý F , ØÓ�×£
�Ý v (300 µm/s, 500 µm/s, 700 µm/s); 1n|æ
^ 500 µm/s �×£�Ý v, 0.5 J/cm2 Ú 1.0 J/cm2 �
Uþ�Ý F e©O\È×£ 1 gÚ 2 g. ����
¬ÏL×£>fw�º (SEM) ?1©Û.

3 ¢�(J�©Û

3.1 UCUþ�Ý��¹

ã 1 � 800 nm �¦óÀ-13 200 µm/s �
×£�Ýe, ©Oæ^ØÓ�Uþ�Ý3�í¥

p�bk PET ß²��ü¬7L¡�/m. �
±wÑ, �-1Uþ�Ý�� (0.5 J/cm2) �7L
¡®C�'�o÷, IG�(���/¤, Ì�
�Ø$²w�^/(�Ú�âG(��m, ºÝ
��, �� 0.5—1 µm (ã 1(a)). -1Uþ�Ý�
� 1.5 J/cm2 �, IG�(�®/¤, ��(��º
ÝØ
þ! (I.º�©Ù3 1—5 µm ��), �k
��Ü©�IGâå��² (ã 1(b)). UYO�-
1Uþ�Ý� 2.5 J/cm2 �, /¤�IG�(��\
²w (3IGâå�ý9k�/FXG(�), ºÝ
��� (I.º�þ�u 5 µm), ��Ü©�IGâ
åºà�î»� (ã 1(c)).

dd��, IG�(��/¤�-1Uþ�Ý
������', -1Uþ�Ý���ØU/¤I
G(�, -1Uþ�Ý���/¤�IG(�ºÜ
N´�»�. Ïd�
¼��`z�IG�(�,

AÀ^·¥�Uþ�Ý.

3.2 UC×£�Ý��¹

-1±�½��Ý×£�, z�-1�^:�
óÀê N �UeªO�:

N =
D × γ

v
, (1)

Ù¥ D �-1�^u�¬þ�1��», γ �-1
�EªÇ, v �-1×£�Ý. ��-1×£�
Ý�ú, z�-1�^:�óÀê�õ, ù�U�
´ 3.1 !¥æ^ 1.5 J/cm2 �Uþ�Ý��êIG
âåºÜ��²��Ï. Ïd3 3.1 !?Ø�Ä:
þ, ?�Ú&?-1×£�ÝCzé����(�
/m�K�.

ã 1 �í�¸¥ØÓUþ�Ý F ��¦óÀ-1 (130 fs, 800 nm) p�bk PET ß²��ü¬7L¡�/m (v = 200 µm/s)

(a) F = 0.5 J/cm2; (b) F = 1.5 J/cm2; (c) F = 2.5 J/cm2
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ã 2 �í�¸¥ØÓ×£�Ý v ��¦óÀ-1 (130 fs, 800 nm) p�bk PET ß²��ü¬7L¡�/m (F = 1.5 J/cm2)

(a) v = 300 µm/s; (b) v = 500 µm/s; (c) v = 700 µm/s

ã 2 � 800 nm �¦óÀ-13 1.5 J/cm2 �
Uþ�Ýe, ©Oæ^ØÓ�×£�Ý3�í¥
p�bk PET ß²��ü¬7L¡�/m. æ^
���×£�Ý (300 µm/s) �7L¡�IG�(
�Ó+©², IGâåý9þk²w�FXG(
�, �Ek�Ü©âåºà��² (ã 2(a)). ×£
�Ý� 500 µm/s �, IGâå(�'���, ¥
IÝ���ðIG, âåý9þ�FXG(��
� (ã 2(b)). ×£�Ý?�ÚO�� 700 µm/s �,

/¤�IG�(�m©C�Ø²w, ÛÜ«�wØ
�IGâå (ã 2(c)). ØÓ�×£�Ýe����
(��ºÝ�C��éþ!, �� 3—5 µm.

±þ(JL², -1×£�Ý3�½§ÝþU
��K�IG�(���þ, ×£�Ý���IG
(����5�Ø��y, ×£�Ý���duz
�:�^�óÀê�, �^�Ý�f, /¤�IG
(�Ó+Ø©², $��Ø��Ð�IGâå, Ï
dé×£�Ý�ÀJ�A�·¥.

3.3 b�^�eIG�(���ëê�
`z

ÏL±þ©Û, �ªÀ^ 500 µm/s �×£�
Ý!0.5 J/cm2 ½ 1.0 J/cm2 �Uþ�Ý5¢yb�
^�e�`z�IG�(����. �
�y3�
$Uþ�ÝeU
/¤IG(�, �½-1×£g
ê� 2 g, =O\ 1 góÀ�^gê (��uO\
���óÀ�^ê, z:�^óÀê� 640), ¿�
-1×£ 1 g (z:�^óÀê� 320) �(J?1
é', Xã 3 ¤« (45◦ *ÿ).

�æ^ 0.5 J/cm2 �Uþ�Ý×£ 1 g�, 7L
¡ÑyÅ«G(�, ¿�kÜ©�øG(�, �k
��Ü©«�vk²w(�Cz (ã 3(a)); ×£ 2

g�, Å«G(�C�, �øG(�Oõ, ®Ñy
�
IG�âå, �ké��Ü©vkÑy(�
Cz (ã 3(b)). �æ^ 1.0 J/cm2 �Uþ�Ý×£ 1

g�, 7L¡Ì���øG(�ÚIG�âå, ¤
k«�þk²w(�Cz (ã 3(c)); ×£ 2 g�,

��-1�^«�Ñy
'�5K�IGâå(
�, ü��~�8, pÝ�� 2—8 µm, .Ü°Ý�
� 3—6 µm (ã 3(d)). ���¼�'�n��IG
(�, �nÜ�Ä-1Uþ�Ý!×£�Ý±9×
£gê���ëê.

3.4 PET ���/mCz9ÙK�

ã 4 ´æ^ØÓUþ�Ý��¦-1p�b
k PET ß²��ü¬7L¡�, PET ��L¡�/
m (-1×£�Ý� 500 µm/s). 3 0.5 J/cm2 ��$
Uþ�Ýe, PET ���-1�^c�'A�vk
Cz (ã 4(a));  1.0 J/cm2 ��$Uþ�Ýe PET

��L¡�CzE,é�, �k4�-1óÀ�f
�^3e�:Gè, (ã 4(b)); -1Uþ�ÝO�
� 1.5 J/cm2 �, PET ��L¡m©Ñy©ÙØþ
!���Gâå, �Ü©�»� 10—50 µm, 4�
ê�»�� 100 µm �m (ã 4(c)); �-1Uþ�
Ý�� 2.5 J/cm2 �, �5/¤���Gâå»�,

3 PET ��L¡3e 10—50 µm ��É, Ü©®B
ß (ã 4(d)).

��, 3�$�Uþ�Ýe, -1�^Ä�
þ�é PET ��L¡E¤K�, PET ��oNþ
´�7ÄIG�(��/¤JøAÏ��¸; 
3 1.5 J/cm2 �¥�Uþ�Ýe/¤���Gâå
ÏáÂ
Ü©-1Uþ, ��½§Ýþü$-1é
7L¡�^�rÝ, Ïd�/¤'����IGâ
å(�, �Ù©Ù�Ú��Gâå�©Ù��Øþ
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ã 3 �í�¸¥ØÓ��ëê�, �¦óÀ-1 (130 fs, 800 nm) p�bk PET ß²��ü¬7L¡�/m (v = 500 µm/s)

(a) F = 0.5 J/cm2 ×£ 1 g; (b) F = 0.5 J/cm2 ×£ 2 g; (c) F = 1.0 J/cm2 ×£ 1 g; (d) F = 1.0 J/cm2 ×£ 2 g

ã 4 ØÓUþ�Ý��¦óÀ-1 (130 fs, 800 nm) �^e PET ��L¡�/m (v = 500 µm/s) (a) F = 0.5 J/cm2;

(b) F = 1.0 J/cm2; (c) F = 1.5 J/cm2; (d) F = 2.5 J/cm2
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! (Xã 2(b) ¤«); 3 2.5 J/cm2 ��pUþ�Ý
e, PET ��Ó�¬áÂ-1Uþ/¤Ü©Bß
��É, 7L¡¤?AÏ�¸�»�, �Y�^�
-1óÀ¬E¤IGâå(�ºà�î»�, �
ØLÏ�×£�Ý (500 µm/s) ��, Ù»�§Ý'
ã 1(c) ¤« (200 µm/s) ��¹���
.

3.5 b � ^ � e I G � ( � / ¤ Å
n©Û

ïÄL², -1�7á�3�í¥�Ì��^
Ån��z, 3ý�¥�Ì��^Å��-1�
¡ [12]. -1�¡�^���´: �¦-1óÀ°
Ý��u7¬�¥>f(f�p�^��²ï�
�m (10−13 s þ?), 7���¬��-u��>
f�m5Ø9ïáå9²ï [17,18], ��7L¡]
máÂ�-1UþÃ{D4�7NS, �þUþÈ
à37L¡pu�¯��N —— �lfN=z
�)�lfN [19], ¿�±��¸Ô��p�^, �
r�þUþ�Ó��r�þL¡�Ô�. �z�
^���´: �¦-1é7L¡�^�L§¥¬�
)�¯Lz [20,21], ���^«�§Ý,p, ¦7L
¡Lz, 3-1�¡¤�)��lfN�^e, �
í¥� O2 �LK7u)�A, )¤��u� SiO2

½ SiOx (x < 2) �Ô� [22,23]. �7L¡bk PET

ß²��, ·�@�IG�(��/¤K´d-1
�¡�^Ú�z�^�ÓÚå�, �-1�¡�^
ÓÌ�. du PET ß²�äk�½��µ�^, ¦
�7�¬L¡?u�µ4G� (0u�í�¸Úý
��¸�G�), ��¡3-1óÀ�^e7L¡�
)�lfN, �du PET ß²���å�^, r¦
7L¡/¤
�lfNpØ¨�, Ù���UþØ
=ØUé¯Ñ�, �¬3pØ¨�eUY�^u
7L¡, O\
-1�¡�^�rÝ, Jp
d-
1�¡�^E¤�7�ØÇ, ù�´¢�¥æ^�
$�Uþ�ÝÚ����^óÀê=���`z
�IG�(���Ï; ,��¡ PET ß²���µ
�^ü$
á�mSu)�z�^¤I���þ,

�z�^��f, d�z�^E¤�7�ØÇ~�,

� PET ß²���3¬{N SiO2 ½ SiOx (x < 2)

�Ô���u, �²�u�Ø�í{�zÔ�È3
7L¡þ, ��½§Ýü$
7��ØÇ, ã 5 ¤
«� EDS UÌw«7�¬L¡ké�þ� O �

��3=y¢
ù�:, ã 5 ¥�w«�3X
�þ C ��, K�U´du-1óÀ�^e PET

ß²��)�)�%��'ß�7L¡½ PET ß
²��Ü©Lz¿�È�7L¡E¤�. d	,

PET ß²��9�Ç (�� 0.24 W/m·K−1) '�í
�9�Ç (�� 0.01—0.04 W/m·K−1) ���õ, Ï
db�G�e�LK7��í�¸e�'�z�
�¯!Æ·�á, LK7��í¥� O2 u)�z
�A��m�á, Ïd�z�^��JØXüX�
�í�¸¥²w.

ã 5 éAã 3(d) �(�7�¬L¡� EDS UÌã

�
?�Úy¢-1�¡�^�Ì�/ , ò
±þ(J�7?u�í¥Úý�¥¼��(J?
1
é', Xã 6 ¤« (45◦ *ÿ). ã 6(a) �Uþ�
Ý 1.0 J/cm2 ��¦-1�^u�í¥�7L¡�
��IG(�. �ã 3(d) '��±uy, �í¥/
¤�IG(�äk'b PET �^�e�o÷�L
¡, L¡k�é�õ�âGÔ, ù
âGÔ´d�
z�^)¤�7��zÔ�È/¤�, `²3�
í¥-1óÀÚå��z�^'b PET �^�e
r. ã 6(b) ¤«� EDS UÌã¥w«Ñ�p� O

¸ (�ã 5 �'), �L²�í¥���7�¬L¡
�z�^�²w. ã 6(c) �Uþ�Ý 1.0 J/cm2 �
�¦-1�^uý�¥ (2×10−3 Pa) �7L¡��
�IG(�, �ã 3(d) '��±uy, ý�¥/¤
�IG(�L¡�~1w, A�vk�z�^/¤
�7�zÔ�È, �IGâå'b PET �^�e�
���ð. ã 6(d) � EDS UÌã��w«Ñ Si ¸,

Ã O ��Ñy, `²ý�¥IG(�´d-1�¡
�^/¤�, �u)�z�^.
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ã 6 �í¥ (a), (b) Úý�¥ (c), (d) �¦-1p��7ÄL¡IG�(� SEM ãÚ EDS UÌã

nþ��, 3b PET ß²�^�e, 7L¡I
G�(��/¤´d-1�¡�^Ú�z�^�
ÓÚå�, �du PET ß²��5�nÜ�^�
J, �z�^§Ý����f, -1�¡�^��
Or, Ïd-1�¡�^ÓÌ�.

®k�nØ�Ñ, �\�-1rÝ�f�, -
1�á��^�Ì�ÔnÅn�¥Õ�¿, á�
��Ø�·>|�A, �Ø§Ý�f, �Ø�Ý�
f��ØL¡1w; �\�-1rÝ�p�, -
1�á��^�Ì�ÔnÅn�9Lz, á���
ØÏLì���¡L§¢y, �Ø�Ý���L¡
o÷ (�¡�)�LzÔe%��È3á�L¡
þ)[24,25]. ·�æ^��¦-1óÀ��mrÝ©
Ù�Cpd., �dnØ, ¥%p1rÜ©��^
L§±9Lz�Ì, �òÌ�d-1�¡�^�)
�7L¡�Ô��Ø, 7�ØÇ�, /¤
IGâ
å�m�]�mY; >�$1rÜ©��^L§
K±¥Õ�¿�Ì, ÏL·>|�Aò�z�^�

)�L¡��u5�zÔ�Ø, 7�ØÇ�, ´E
¤IGâåäk�½IÝ����Ï.

4 ( Ø

ÏLþã¢�ïÄÚnØ©Ûuy, 3�í�
¸e, �¦-1ëêéb PET ß²�7L¡IG�
(��/¤Ú�þk��K�, -1Uþ�Ý�
k|uIG�(��/¤, ����¬E¤IGâ
å�»�, -1×£�Ý�k|u/¤Ó+©²�
IG�(�, ����¬»�IG(����5.

±d��âé¢�ëê?1`z, �ª3 1.0 J/cm2

�Uþ�Ý!500 µm/s �×£�Ýe×£ 2 g, �
�
'�n��IG�(�. ©Û@�, b PET ß
²�^�e7L¡IG�(��/¤´d-1�
¡�^Ú�z�^�ÓÚå�, �-1�¡�^Ó
Ì�.
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Abstract

We investigate the effect of preparation parameters on the formation of microstructures created on a single crystal silicon wafer

covered with a polyethylene terephthalate (PET) transparent film by femtosecond pulse laser with a central wavelength of 800 nm. The

results reveal that formation of the cone microstructures depends on laser fluence, and the cone microstructures cannot be created by

lower laser fluence or can be destroyed by higher laser fluence. The laser scanning speed can directly affect the quality of the cone

microstructures, and lower speed will destroy the cone, while higher speed will create indistinct cone microstructures each with smaller

depth. Some idealized structures are obtained by optimizing the experimental parameters. Finally, we find that the cone microstructures

on silicon wafer covered with a film are caused by both laser ablation and oxidation, and laser ablation plays a major role.

Keywords: femtosecond laser, silicon, cone microstructures, PET transparent films
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